Background: Tyrosine phosphorylation of WASP is required for macrophage functions. Results: WASP phosphorylation is dependent on the Src tyrosine kinase Hck. Conclusion: Hck is the predominant kinase that phosphorylates WASP in cells and is required for WASP-dependent functions. Significance: Although many tyrosine kinases can phosphorylate WASP, Hck appears to be the predominant kinase to phosphorylate WASP in macrophages in response to physiological ligands.
Monocyte/macrophage migration is a key step in host defense and during pathological processes such as atherosclerosis, chronic inflammation, and cancer (1) . Monocyte migration from the circulation to the injured or infected site involves transmigration through the endothelial barrier and sub-endothelial basement membrane, a process termed transendothelial migration or diapedesis (2) . This is followed by migration into the interstitial tissues, a three-dimensional environment. These processes are usually tightly regulated and are required for protective immunity but when inappropriately activated can result in chronic inflammatory diseases.
In vivo, macrophages have to migrate in diverse three-dimensional environments with heterogeneous compositions and rigidity (3) . Leukocytes can use an amoeboid three-dimensional migration mode, which is independent of proteases for tissue infiltration (1, 4) . Recent studies indicated that macrophages use an amoeboid mode to migrate into fibrillar collagen I but use mesenchymal migration in dense matrices such as Matrigel or gelled (dense) collagen I requiring matrix degradation (4, 5) . During mesenchymal migration into Matrigel or gelled collagen I, macrophages formed three-dimensional podosomes at the tip of cell protrusions, with local proteolysis of the extracellular matrix (ECM) 4 (4, 6) . Podosomes have been linked with the ability of cells to perform chemotaxis and invade tissues, and both Src family kinases (SFKs) and WASP are among the proteins that regulate podosome formation (7) (8) (9) (10) (11) .
WASP is a hematopoietic cell specific protein and an actin nucleation promoting factor regulating Arp2/3-dependent actin polymerization (12) . WASP activity is required for several macrophage functions, in addition to podosome formation such as efficient fibronectin degradation, phagocytosis, and chemotaxis (9, (13) (14) (15) . Remarkably, all of these WASP-mediated functions also require phosphorylation of WASP on tyro-sine 291 (human numbering) (9, 14, 15) . However, a number of tyrosine kinases have been demonstrated to phosphorylate WASP on this important residue (16) . Therefore, identification of the tyrosine kinase required for WASP tyrosine phosphorylation is important for understanding the precise signaling cascade mediating these specific macrophage functions.
Among the SFKs, Hck, which is predominantly expressed in leukocytes, has been shown to phosphorylate WASP at tyrosine 291 in COS cells and this phosphorylation resulted in enhanced actin polymerization in vitro (17, 18) , suggesting Hck may be a candidate for the phosphorylation of WASP in macrophages. Interestingly, Hck activation triggers the formation of podosome rosettes (11) , suggesting that WASP is downstream of Hck in the signaling pathway leading to actin polymerization in podosomes (19) . Additionally, mesenchymal three-dimensional migration of macrophages in Matrigel and organization of podosome rosettes are controlled by Hck (5) . Diapedesis is also dependent on SFKs and WASP activity as reported in T cells, neutrophils, monocytes, dendritic cells, and NK cells (20 -24) . Thus, these observations suggest that Hck might play a role in WASP tyrosine phosphorylation and for WASP-mediated monocyte diapedesis and other macrophage functions. Here, we show that WASP is required for macrophage three-dimensional migration, it is tyrosine phosphorylated by Hck, mostly by the p61Hck isoform, and this phosphorylation is required for several macrophage functions, including efficient diapedesis.
EXPERIMENTAL PROCEDURES
Mice-All procedures involving mice were conducted in accordance with National Institutes of Health regulations concerning the use and care of experimental animals. All experiments were performed according to animal protocols approved by the animal care and use committee of the Albert Einstein College of Medicine or the Institut de Pharmacologie et de Biologie Structurale. Commercially available 129/svJ control and WASp Ϫ/Ϫ mice (25) were purchased from The Jackson Laboratory (Bar Harbor, ME). C57B16/J wild-type mice were purchased from Charles River, Inc. Hck Ϫ/Ϫ mice, backcrossed onto the C57B16/J background, were characterized previously (26) .
Cells, Antibodies, and Reagents-RAW/LR5 cells, derived from the murine monocyte/macrophage RAW 264.7 cell line (27) , were cultured in RPMI 1640 medium (Mediatech, Inc.) supplemented with 10% heat-inactivated newborn calf serum (Sigma) and antibiotics (100 units/ml penicillin, 100 g/ml streptomycin). Control shRNA, shWASP, and shWASP-RAW/ LR5 cells expressing human wild-type (WT) or mutant forms of WASP. All of the WASP rescue cell lines expressed equivalent levels of the exogenous WASP ( Fig. 3 and Ref. 9). Murine bone marrow-derived macrophages (BMMs) were isolated and prepared according to Ref. 28 and were grown in ␣-minimal essential medium containing 15% fetal bovine serum, 360 ng/ml recombinant human CSF-1 (Chiron, Emeryville, CA) and antibiotics. Hck Ϫ/Ϫ bones were a generous gift from Dr. Clifford Lowell (University of California, San Francisco). 3B11 mouse endothelial cells were grown in DMEM supplemented with 10% heat-inactivated fetal bovine serum and antibiotics. All cells were maintained at 37°C in a 5% CO 2 atmosphere. Recombi-nant mouse CX3CL1 was purchased from R&D Systems. Rabbit anti-Hck (SC1428), mouse anti-WASP (B9), and protein A/G plus-agarose beads were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-␤-actin antibody was from Sigma (clone AC-15). HRP-conjugated mouse anti-phosphotyrosine (PY20) was from BD Transduction Laboratories. Rabbit anti-sheep erythrocyte IgG was from Diamedix (Miami, FL). Secondary antibodies conjugated to HRP were from Jackson Immuno-Research Laboratories (West Grove, PA). Alexa Fluor dyes and conjugated phalloidin and secondary antibodies were from Molecular Probes.
RNA-mediated Interference-Reduction of Hck expression was achieved through the retroviral infection of RAW/LR5 cells with short hairpin RNAs directed against Hck mRNA (sh1, 5Ј-GAAGAGCTCTACAATATCA-3Ј; sh2, 5Ј-AACTCGT-GCTCCACTACAA-3Ј), using pSUPER.retro.puro plasmids according to the manufacturer's instructions (Oligoengine, Seattle, WA). Control cell lines were also generated using a nonspecific shRNA sequence (29) . Plasmids were transiently transfected using FuGENE HD reagent (Roche Applied Science) according to the manufacturer's instructions and selected for 2 days in puromycin. The p61HckDN and p59HckDN constructs have been described in Carréno et al. (30) .
Immunoprecipitation and Western Blotting-After the desired treatment, cells were lysed in ice-cold buffer A (25 mM Tris, 137 mM NaCl, 1% Nonidet P-40, 2 mM EDTA, 1 mM orthovanadate, 1 mM benzamidine, 10 g/ml aprotinin, 10 g/ml leupeptin, pH 7.4). Whole cell lysates were either used for immunoprecipitation with the indicated antibodies or mixed with 5ϫ Laemmli sample buffer and boiled for 5 min at 100°C. Lysates were precleared with control IgG prebound to protein A/G-agarose beads for 1 h at 4°C followed by incubation with specific antibody prebound to beads. Specificity of the WASP antibody was confirmed as no WASP was detected in immunoprecipitates performed with isotype control IgG (data not shown). Total cell lysates and/or immunoprecipitates were resolved by SDS-PAGE, transferred onto PVDF membranes (Immobilon-P, Millipore), and after blocking, incubated with primary antibodies overnight at 4°C followed by secondary antibodies conjugated to HRP. Signals were visualized using the SuperSignal West Pico Chemiluminescent Substrate (Pierce), and images were acquired and signal intensity was measured using a Kodak Image Station 440.
Chemotaxis was measured using 8-m pore size inserts (Falcon; BD Biosciences) according to the manufacturer's instructions and described in Park and Cox (15) . Briefly, the inserts were placed into 24-well plates containing RPMI 1640 for RAW/LR5 cells or ␣-MEM for BMMs in the presence or absence of CX3CL1 (50 ng/ml). Serum-starved RAW/LR5 cells (n ϭ 500,000) or BMMs (n ϭ 100,000) were then loaded onto the inserts and incubated at 37°C for 4 h. Cell migration was quantified by counting the number of cells that migrated through the insert (at least 10 different randomly selected fields/well) and was compared with the number of migrated cells in the absence of any stimulant (fold increase). Data are represented as percent migration relative to the shRNA control cell or wild-type BMM population.
Fc␥ receptor (Fc␥R)-mediated phagocytosis was performed as described (27) . In brief, cells were incubated with a suspension of EIgG for 30 min at 37°C in BWD (saturating numbers of EIgG/cell) (20 mM HEPES, 125 mM NaCl, 5 mM KCl, 5 mM dextrose, 10 mM NaHCO 3 , 1 mM KH 2 PO 4 , 1 mM CaCl 2 , and 1 mM MgCl 2 , pH 7.4). Non-internalized EIgG was then removed by washing, followed by hypotonic lysis. At least 50 cells were observed by phase contrast microscopy, and the number of EIgG in each cell was counted. Mean value of phagocytosis in WT BMMs or control shRNA cells was set arbitrarily to 100%.
Fibronectin matrix degradation assays were performed as described (9) . Briefly, the indicated cell lines were plated, for 14 h under normal growth conditions, on glass coverslips sequentially coated with poly-L-lysine and Alexa Fluor 568conjugated fibronectin (Sigma). Cells were then fixed in 3.7% formaldehyde in BWD, permeabilized with 0.2% Triton X-100 in BWD and stained with either Alexa Fluor 488 or Alexa Fluor 647 phalloidin as appropriate. Images acquired from a widefield microscope (ϫ60/1.40 numerical aperture, phase 3 objective of an Olympus IX71 microscope coupled to a Sensicam cooled CCD camera), and were thresholded to delineate degraded areas. Areas of degraded matrix were then traced and measured in at least 10 different fields per experiment and expressed as degradation area per total number of cells per field. Mean value of degradation in WT BMMs or control shRNA cells was set arbitrarily to 100%.
Transmigration Assays-3B11 mouse endothelial cells were grown on glass coverslips and allowed to form a monolayer. Subsequently, they were stimulated with 50 ng/ml recombinant murine TNF␣ (Peprotech) for 14 h. To examine the effect of Hck in diapedesis, RAW/LR5 cells transfected with Hck-targeting sequences or a control non-targeting sequence were selected with 5 g/ml puromycin for 48 h. Surviving cells were then used for transendothelial migration. The indicated RAW/ LR5 cells were labeled with 1 mM CellTracker Green (CMFDA; Invitrogen) for 30 min followed by washing and seeding onto activated 3B11 monolayers. Cells were allowed to transmigrate for 1 or 2 h followed by fixation in 3.7% formaldehyde and staining with phalloidin and a rat antibody against ZO-1. RAW/ LR5 cells were subsequently scored for their ability to transmigrate. Only those cells whose entire cell body was beneath the endothelial monolayer were considered to have transmigrated, whereas those partially through the monolayer were not included in the counting.
Carcinoma cell three-dimensional invasion assays were performed and quantified as described (31) . Briefly, 80,000 MTLn3-GFP cells were plated on MatTek dishes in the presence or absence of 400,000 RAW/LR5. Cells were overlaid with 5.8 mg/ml type I collagen, incubated for 24 h prior to fixation. To quantify the MTLn3 cell invasion, confocal z-stacks were collected and GFP fluorescence in z-sections from 20 m into the collagen and above was added up and divided by the sum of GFP fluorescence in all the z-sections. Data are reported as the percent of carcinoma cell invasion from an average of five independent fields per experiment.
Three-dimensional Migration Assay-Collagen I (Nutragen-Nutacon; 2 mg/ml final concentration) or Matrigel (BD Biosciences, batches from 8 to 12 mg/ml) were polymerized as a thick layer (1 to 1.5 mm) in the upper Transwell chambers as described (4) . The lower chambers were filled with 800 l of RPMI 1640 medium supplemented with 10% FCS and 50 ng/ml of murine recombinant CSF-1 (Immunotools). BMMs (5 ϫ 10 4 ) were suspended in RPMI 1640 medium supplemented with 1% FCS and 10 ng/ml of mrM-CSF (Immunotools) and then seeded on the top of the matrices. The percentage of threedimensional migration in fibrillar collagen I and in Matrigel was manually quantified after 48 h using ImageJ software.
Macrophage Infiltration Assay into Spheroids-This assay has been described previously in detail in Guiet et al. (32) . Briefly, human breast tumor cells SUM159PT were cultured in three dimensions until cell spheroids reach a diameter of ϳ0.5 m. BMMs were stained with 0.5 mM CellTracker Red CMPTX (Molecular Probes, Invitrogen) and distributed (10 4 cells) into agar-coated wells containing a single spheroid and co-incubated for 3 days to allow BMM infiltration in spheroids. Formalin-fixed spheroids stained with DAPI were imaged using a Leica SP5 microscope (Leica Microsystems, Deerfield, IL) with a multiphoton source at 715 nm (coherent Chameleon) for z-stack acquisition of DAPI and CellTracker fluorescence (z-step, 1.2 m). CellTracker-stained macrophages associated to spheroids were counted using the cell counter plugin of ImageJ software (National Institutes of Health, Bethesda, MD). Macrophages were classified "out of spheroids" when located in the first line of nuclei and "inside" when inside the first line of nuclei. At least three spheroids per condition were used.
Data Analysis-All results were calculated as the means Ϯ S.E. Data were analyzed using Student's t test, and differences with a p value Ͻ 0.05 were regarded as significant. Error bars represent S.E.
RESULTS
Hck Mediates WASP Tyrosine Phosphorylation-We previously showed that tyrosine phosphorylation of WASP was required for macrophage chemotaxis to CX3CL1 (15) and Fc ␥ R-mediated phagocytosis (14) . Because SFKs are required for tyrosine phosphorylation of WASP (15), we speculated that Hck might be the major kinase mediating WASP tyrosine phosphorylation. For that reason, the effect of Hck deficiency on tyrosine phosphorylation of WASP was evaluated following stimulation of CX3CL1 or by ligation of the Fc ␥ R with opsonized red blood cells (EIgG). WASP was immunoprecipitated after CX3CL1 or EIgG treatment in wild-type (WT BMM) or Hck Ϫ/Ϫ bone marrow-derived macrophage (Hck Ϫ/Ϫ BMM) cells, and then the level of WASP phosphorylation was determined. WT BMM cells showed an increased in WASP phosphorylation after CX3CL1 or EIgG treatment, peaking at 1 or 5 min, respectively ( Fig. 1A) , consistent with results published previously (14, 15) . WASP phosphorylation was significantly reduced in Hck Ϫ/Ϫ BMM cells under the same conditions ( Fig.  1A) . However, there was no reduction in the total level of tyrosine phosphorylation, indicating that Hck was not indirectly altering WASP phosphorylation by reducing tyrosine phosphorylation downstream of receptor signaling (Fig. 1B) . Because it has been observed that there is some compensation by other SFK members following genetic deletion of one family member (26, 33), we employed a transient reduction approach using shRNA-mediated down-regulation of endogenous Hck. Retroviral delivery of Hck-specific shRNA (Hcksh1 and Hcksh2) in RAW/LR5 cells resulted in a ϳ60% reduction of Hck protein expression compared with control shRNA-treated cells as determined by Western blot analysis (Fig. 1C) . The ability of cells with reduced Hck expression to phosphorylate WASP in response to CX3CL1 was then evaluated and compared with control shRNA-treated cells. Despite the presence of low levels of Hck expression following shRNA treatment (ϳ40% Hck remaining), there was a dramatic reduction in CX3CL1-induced WASP tyrosine phosphorylation (Fig. 1D) . A doublet is often observed in the phosphotyrosine immunoblot. This phenomenon is likely due to a mobility shift in WASP when it is phosphorylated, as observed in Cory et al. (17) . These results suggest that although other kinases may phosphorylate WASP, Hck plays a major role in tyrosine phosphorylation of WASP in macrophages.
Hck Deficiency Results in a Defect of WASP-mediated Macrophage Functions-Our previous work established that macrophage functions such as phagocytosis, chemotaxis, and matrix degradation depend on tyrosine phosphorylation of WASP for optimal function (9, 14, 15) . Therefore, we investigated the effect of Hck deficiency or reduced expression of Hck on macrophage functions. Initially, we determined the role of Hck in Fc ␥ R-mediated phagocytosis. Consistent with a role for Hck in WASP phosphorylation, altered Hck expression resulted in a significant inhibition of Fc ␥ R-mediated phagocytosis ( Fig. 2A ). It has also been shown that Hck plays a role in macrophage migration both in vivo and in vitro (5, 32, 34) , although its role in macrophage chemotaxis has not been demonstrated formally. We then examined the requirement for Hck in chemotaxis and found a significant reduction in macrophage chemotaxis to CX3CL1 in both Hck Ϫ/Ϫ and Hck shRNA cells (Fig. 2B) . Consistent with previous studies, which showed that although WASP was required for chemotaxis, it was not required for chemoattractant elicited F-actin-rich protrusions (15), we did not observe a decrease in F-actin-rich protrusions in Hck shRNA cells in response to CX3CL1 (p Ͼ 0.1). In the case of both assays, a greater inhibition in phagocytosis and chemotaxis was observed using transient shRNA in cell lines than in the primary BMMs. This result was consistent with the more dramatic reduction in WASP phosphorylation when the transient shRNA approach was used ( Fig. 1, A and C) .
The migration of monocytes through the endothelium to sites of inflammation is a very important process during host defense against external pathogens. Given that WASP and SFKs are required for diapedesis (reviewed in Ref. 24) , we hypothesized that Hck might play a role in the ability of cells to transmigrate across an endothelial monolayer. We therefore directly tested the effect of Hck deficiency in monocyte/macrophages following seeding on an activated monolayer of 3B11 endothelial cells. As shown in Fig. 3A , Hck shRNA cells showed significantly delayed transmigration at the early time points examined (1 and 2 h after seeding) compared with control cells. Because WASP can be phosphorylated by Hck (Fig. 1) , we also tested the ability of WASP shRNA cells to transmigrate. Consistent with Hck shRNA cells, WASP shRNA cells showed considerably reduced diapedesis compared with Ctrlsh cells (Fig.  3B ). Although rescue of transmigration occurred following expression of WT WASP (Fig. 3B ), re-expression of a phosphodeficient (Y291F) WASP mutant did not increase the ability of cells to transmigrate (Fig. 3C) . Because there was no statistical difference in the total number of cells counted in the assay between control and Hck shRNA or WASP shRNA and Y291F cells (p Ͼ 0.2), this indicated that reduced level of transmigration was not due to differences in adhesion.
Several studies have now shown that tumor associated macrophages promote carcinoma cell invasion both in vivo and in vitro (31, 35) . We have recently demonstrated that WASP expression in macrophages was required for the ability of macrophages to stimulate carcinoma cell invasion (36) . To examine whether WASP phosphorylation was required for this phenomenon shWASP cells expressing either WT or mutant forms of WASP were co-cultured with a breast tumor cell line (MTLn3-GFP) and the level of carcinoma cell invasion into a three-dimensional collagen gel was monitored. Cells expressing WT WASP were able to significantly stimulate carcinoma cell invasion (Fig. 3D ). However, this invasion was significantly reduced (p ϭ 0.01) if the carcinoma cells were co-cultured with macrophages containing an inactive form of WASP that lacked Cdc42 binding (H246D), which directly activates WASP and is a prerequisite for efficient WASP phosphorylation in macrophages (9, 37) . Consistent with a major role for tyrosine phosphorylation in WASP function, co-culture with macrophages expressing phospho-deficient WASP (Y291F) also significantly reduced carcinoma cell invasion to the same extent as inactive WASP (Fig. 3D) .
WASP Is Required for Migration of Macrophages in Third Dimension-The above results suggested that WASP was required for invasion in the third dimension because this assay requires the co-migration of both cell types into the three-dimensional gel (31) . A previous study demonstrated that Hck Ϫ/Ϫ macrophages have a reduced ability to migrate inside high-density Matrigel (5), whereas they migrate normally when they use the amoeboid mode (32) . As WASP appeared to be involved in Hck-mediated signaling, we tested the three-dimensional-migration capacity of WASP Ϫ/Ϫ BMMs in a fibrous collagen I or high density Matrigel as described in Van Goethem et al. (4) . After 48 h, the number of Matrigel-infiltrated WASP Ϫ/Ϫ BMMs was significantly reduced by 50% compared with WT BMMs (Fig. 4A) , whereas we observed no significant difference in three-dimensional migration in fibrous collagen I (Fig. 4B) .
This result indicated that WASP was a new effector of mesenchymal migration in dense matrices. Moreover, to further elaborate on the role of WASP in migration of macrophages in the third dimension, we next tested the effect of WASP deficiency on macrophage infiltration into spheroids. Tumor cell spheroids are cohesive three-dimensional organoids containing cells and several ECM proteins that mimic, to some extent, tumor tissue (32) . Macrophage infiltration into such spheroids has been shown to combine mesenchymal and amoeboid migration modes (32) . Here, we show that in the absence of WASP, cells have a significantly reduced ability to infiltrate into spheroids as compared with WT cells (Fig. 4, C and D) .
The p61 isoform of Hck controls WASP phosphorylation and is required for matrix degradation. The mesenchymal mode of migration requires ECM degradation mediated by podosomes (4) . Matrigel is a complex mixture of ECM, including laminin and collagen IV with trace amounts of fibronectin. Previous studies have shown that Hck was required for degradation of gelatin, a form of hydrolyzed collagen (5) . We examined the role of Hck in degradation of other matrix components and found that Hck Ϫ/Ϫ or Hck shRNA macrophages showed significantly reduced degradation of fibronectin ( Fig. 5A) , which was similar to our previous experiments showing that macrophages expressing a phospho-deficient form of WASP have impaired proteolytic activity toward fibronectin (9) .
Hck is expressed as two different isoforms produced by alternative translation of the same mRNA: p59Hck and p61Hck (38) . Earlier studies have demonstrated that activation of the p61 isoform of Hck triggers the formation of podosome rosettes with ECM proteolytic activity, whereas activation of p59Hck triggers the formation of cell protrusions (11, 30) . To determine the role of p61Hck in WASP phosphorylation, a dominantnegative form of p61 Hck (p61DN Hck) was expressed in RAW/ LR5 macrophages. As observed previously in human macrophages (11), p61DN Hck localized to podosomes in RAW/LR5 cells (Fig. 5B) . Moreover, when plated overnight on Alexa Fluor-labeled fibronectin matrix, cells expressing p61DN Hck were still able to form podosomes similar to control cells. However, expression of p61DN Hck has significantly abrogated the ability of these cells to degrade the underlying matrix (Fig. 5B) . Also, a dramatic reduction in WASP phosphorylation in response to CX3CL1 was observed in these cells compared with control cells (Fig. 6A) . Expression of dominant-negative p59 Hck resulted in not significant inhibition of WASP phosphorylation ( Fig. 6A) , consistent with an important role for the p61Hck isoform. Maximal phosphorylation of WASP induced by pervanadate was also inhibited by expression of p61DN Hck (Fig. 6B) . Taken together, these results suggest that the p61Hck isoform is mainly required for WASP phosphorylation upon CX3CL1 activation of macrophages and during podosome-mediated matrix degradation. Overall, our data indicates that p61Hck mediates WASP phosphorylation which is required for matrix degradation that may be regulated by functional podosome formation through WASP.
DISCUSSION
In leukocytes, tyrosine phosphorylation on Tyr-291 residue of WASP has been shown to play a significant role in various Results are expressed as mean Ϯ S.D. from n ϭ 6 (WASp ϩ/ϩ ) and n ϭ 9 (WASp Ϫ/Ϫ ) from three independent experiments. ***, p Ͻ 0.001. C, tumor cell spheroids were co-incubated for 3 days with CellTracker-stained BMMs, fixed, and examined with a multiphoton microscope. Spheroid cross-sections are shown. WT macrophages infiltrate the spheroid deeply, whereas WASP Ϫ/Ϫ macrophages are found outside the spheroid and infiltrated in the peripheral layer. D, quantitation of C, experiments were performed at least in triplicate and expressed as the percentage of macrophages inside spheroids (100% corresponds to macrophages inside plus macrophages adhering on the outer part of the spheroids). Results are expressed as mean Ϯ S.D. (n ϭ 5 WT and 3 WASP Ϫ/Ϫ ; ***, p Ͻ 0.001). 3D, three-dimensional.
functions, including phagocytosis, chemotaxis, podosome dynamics, and matrix degradation. Several kinases have been proposed to mediate this tyrosine phosphorylation based on overexpression experiments of WASP with the kinase of interest (17, 39, 40) , and WASP and Hck associate in chemoattractant stimulated neutrophils (18) . However, the specific tyrosine kinase required to phosphorylate WASP in response to physiological ligands is still unclear. We previously showed that SFK activity was required to directly phosphorylate WASP and for chemotaxis to CX3CL1 in macrophages (15) . Here, we clearly demonstrate that the SFK Hck phosphorylates WASP in macrophages in response to several stimuli and regulates WASP-mediated functions in macrophages.
Hck is predominantly expressed in leukocytes (41) and has been shown to play important roles in regulating actin-based processes such as chemotaxis and Fc␥R-mediated phagocytosis (42) (43) (44) . Hck can phosphorylate WASP at Tyr-291 in vitro and this phosphorylation results in enhanced actin polymerization (17) . Our data demonstrate that Hck phosphorylates WASP in vivo. Consistent with a role for Hck in WASP phosphorylation, reduced Hck expression resulted in a considerable inhibition of CX3CL1 chemotaxis, Fc␥R-mediated phagocytosis, and in the ability of cells to cross an endothelial barrier. All of these defects could be reproduced with the Y291F WASP point mutation. These defects may lead to profound alterations in the case of human diseases, including the ability of macrophages to promote carcinoma cell invasion (36) because WASP is also important for the ability of macrophages to invade in dense threedimensional environments as well as invading into tumor spheroids ( Fig. 4) . Taken together, these results indicate that Hck plays a major role in tyrosine phosphorylation of WASP in macrophages and that WASP is a major regulator of several macrophage functions.
However, Hck Ϫ/Ϫ BMMs showed only minor effect in these macrophage functions consistent with only a partial reduction in the tyrosine phosphorylation of WASP. These results suggested that other kinases can phosphorylate WASP in macrophages in the absence of Hck because compensatory mechanisms have been already described in these particular knock-out mice (26, 33) . WASP associates with both the Src kinase Fyn and with focal adhesion kinase Pyk-2 following the triggering of chemokine receptors on natural killer cells (23), and WASP phosphorylation following TCR ligation was reduced in Fyn-deficient Jurkat T cells (40) . However, these two kinases are not likely to be the ones that phosphorylate WASP in vivo because Pyk-2 is not an SFK, and inhibitor studies have demonstrated that WASP phosphorylation is dependent on SFKs (15) , and Fyn is not expressed in macrophages (45) . One complication in the use of genetic knock-out mouse models is that they often do not show any obvious phenotypes due to gene compensation. Consistent with this idea, although the various hematopoietic Src kinases have been implicated in multiple functions using cell-based assays or other approaches, they do not seem to manifest as severe physiologic phenotypes in single knock-out models (26, 33, 46) . Therefore, siRNA approaches may be more powerful in determining the true function of a particular SFK member.
Podosomes are adhesion structures prominent in cells of the myeloid lineage with proteolytic properties toward the ECM (47, 48) . Interestingly, recent findings in diapedesis and cell migration in three-dimensional environments support a role for podosomes in cell invasion and motility (4, 20) . Pharmacological inhibition of SFKs using the inhibitor PP2 resulted in loss of podosomes and inhibition of diapedesis in macrophages (11, 20) . Also, Hck Ϫ/Ϫ BMMs contained undersized podosome rosettes and have a reduced migration in three-dimensional matrices compared with WT BMMs (5) . Importantly, the data presented here demonstrated that Hck and WASP regulate the ability of macrophages to cross endothelial barriers and to migrate in dense three-dimensional matrices. Because WASP is also an important regulator of podosome formation, these findings strongly support a role for Hck and WASP in the regulation of matrix infiltration and motility of macrophages through podosome formation.
Hck is the only SFK which is expressed as two isoforms generated by alternative translation (41) . The p59Hck isoform is associated with the plasma membrane, whereas p61Hck is associated with the membrane of lysosomes that contribute to the formation of podosome rosettes (11, 30, 49) . Similar to this, we found that p61DN Hck localized to podosomes in RAW/LR5 macrophages. Interestingly, although cells expressing the p61DN Hck isoform still formed podosomes, they were unable to efficiently degrade fibronectin (Fig. 5B ). This is consistent with our previous findings that WASP phosphorylation was not required for podosome formation but for podosome function (9) . Moreover, expression of dominant-negative p61Hck resulted in severe inhibition of tyrosine phosphorylation of WASP in response to CX3CL1, whereas expression of dominant-negative p59Hck resulted in only slight inhibition of phosphorylation (Fig. 6A) . The fact that a small fraction of p59Hck is associated with lysosomes (49, 50) could explain why the expression of the p59DN Hck mutant also has an effect on WASP phosphorylation in this context.
In conclusion, similarly to Hck, WASP plays a critical role in the three-dimensional mesenchymal migration mode of macrophages but has no effect on three-dimensional amoeboid migration. Specifically, the p61Hck isoform plays an important role in tyrosine phosphorylation of WASP induced by CX3CL1 stimulation. In our data, tyrosine phosphorylation of WASP is required for several macrophage functions, including diapedesis and extracellular matrix degradation. It also controls podosome assembly rates and actin dynamics (9) . Therefore, p61Hck may affect podosome functionality via regulation of tyrosine phosphorylation of WASP.
